In Arabidopsis, the nuclear genes PetC and AtpD code for the Rieske protein of the cytochrome b 6 /f (cyt b 6 /f) complex and the ␦-subunit of the chloroplast ATP synthase (cpATPase), respectively. Knock-out alleles for each of these loci have been identified. Greenhouse-grown petc-2 and atpd-1 mutants are seedling lethal, whereas heterotrophically propagated plants display a high-chlorophyll (Chl)-fluorescence phenotype, indicating that the products of PetC and AtpD are essential for photosynthesis. Additional effects of the mutations in axenic culture include altered leaf coloration and increased photosensitivity. Lack of the Rieske protein affects the stability of cyt b 6 /f and influences the level of other thylakoid proteins, particularly those of photosystem II. In petc-2, linear electron flow is blocked, leading to an altered redox state of both the primary quinone acceptor Q A in photosystem II and the reaction center Chl P700 in photosystem I. Absence of cpATPase-␦ destabilizes the entire cpATPase complex, whereas residual accumulation of cyt b 6 /f and of the photosystems still allows linear electron flow. In atpd-1, the increase in non-photochemical quenching of Chl fluorescence and a higher de-epoxidation state of xanthophyll cycle pigments under low light is compatible with a slower dissipation of the transthylakoid proton gradient. Further and clear differences between the two mutations are evident when mRNA expression profiles of nucleus-encoded chloroplast proteins are considered, suggesting that the physiological states conditioned by the two mutations trigger different modes of plastid signaling and nuclear response.
Plants use light energy to drive electron and proton transport across the thylakoid membrane, resulting in the synthesis of NADPH and ATP. These processes involve photosystems I (PSI) and II (PSII), cytochrome b 6 /f (cyt b 6 /f), and the chloroplast ATP synthase (cpATPase). During linear electron flow, cyt b 6 /f accepts electrons from PSII and passes them via plastocyanin to PSI, thereby translocating protons across the thylakoid membrane into the lumen (Cramer et al., 1991) . Additional protons accumulate in the thylakoid lumen due to the activity of the oxygen-evolving complex of PSII. The transthylakoid proton gradient serves both to drive the endergonic synthesis of ATP from ADP and orthophosphate (Kramer et al., 2003) and to regulate non-photochemical quenching of excitation energy (Muller et al., 2001) .
In Arabidopsis, cyt b 6 /f contains at least eight subunits, of which six are plastome-encoded; the nuclear genes PetC and PetM code for the Rieske iron-sulfur protein and subunit VII, respectively. Structure data imply a requirement of the Rieske protein for stability of cyt b 6 /f: the trans-membrane helix of the ironsulfur protein of the cytochrome b/c 1 complex crosslinks the two monomers of the dimeric structure (Kim et al., 1998; Berry et al., 2000) , and the [2Fe-2S] cluster-binding subdomains of the chloroplast and mitochondrial Rieske proteins are virtually identical (Carrell et al., 1997) . To study the function of the major plastome-encoded proteins of cyt b 6 /f, deletion strains for cytochrome f (cyt f), cytochrome b 6 (cyt b 6 ), and subunit IV (suIV) have been constructed in Chlamydomonas reinhardtii. The ⌬petA, ⌬petB, and ⌬petD lines, which are unable to synthesize cyt f, cyt b 6 , and suIV, respectively, can only be propagated heterotrophically (Kuras and Wollman, 1994) . A C. reinhardtii line with a mutated PetC gene has also been characterized (Lemaire et al., 1986; de Vitry et al., 1999) . The mutant had no functional Rieske protein, resulting in complete suppression of photosynthetic electron flow. In Arabidopsis, the mutant proton gradient regulation 1, which is characterized by its lack of thermal dissipation of excitation energy, was shown to have a point mutation in PetC (Munekage et al., 2001) . Although the rate of electron transport was not affected in proton gradient regulation 1 under low light, it was significantly restricted under highlight fluence, supporting the conclusion that lumenal acidification was not sufficient to induce thermal dissipation.
Nine different polypeptides make up the cpATPase, which consists of the intrinsic CF 0 and the catalytic extrinsic CF 1 segments (Groth and Strotmann, 1999) . As in the case of cyt b 6 /f, most components of the cpATPase complex are plastomeencoded, and in Arabidopsis, only subunits bЈ, ␦, and ␥ are encoded by the nuclear genes AtpG, AtpD, and AtpC1/C2, respectively. In C. reinhardtii, mutational analysis of plastome-encoded cpATPase polypeptides indicates that in the absence of assembly of the complex, the rate of synthesis of the ␤-subunit is controlled by the ␣-subunit (Lemaire and Wollman, 1989; Robertson et al., 1989) . Furthermore, in the absence of cpATPase assembly, the thylakoid membranes of C. reinhardtii are devoid of CF 0 , whereas ␣-and ␤-subunits, presumably constituting a soluble form of CF 1 , accumulate in the stroma (Lemaire and Wollman, 1989) . A C. reinhardtii line with an inactivated AtpC gene could only be propagated under heterotrophic conditions (Smart and Selman, 1991, 1993) .
In this paper, we provide a molecular and physiological characterization of knock-out mutants for the Arabidopsis genes encoding the Rieske protein and the ␦-subunit of the cpATPase. Both mutants cannot grow photoautotrophically, but the two mutations differ in their effects on the composition and redox state of the electron transport chain, as well as in their capacity for electron and proton transport. Analysis of the expression of nuclear chloroplast genes indicates that the two mutations trigger different plastid-to-nucleus signaling pathways.
RESULTS

Identification of Mutant Alleles of the PetC and AtpD Genes
The mutant petc-1 (PetC::En1), which has an En transposon inserted in the fourth intron of the PetC gene, was identified by PCR screening of transposonmutagenized Arabidopsis ecotype Columbia 0 (Col-0) lines (Wisman et al., 1998; Fig. 1a) . In addition, a phenotypic screen of Arabidopsis lines of the ecotype Landsberg erecta (Ler) mutagenized with the Ds transposon led to the identification of the seedling-lethal line GT1802 carrying an insertion at the PetC locus (Budziszewski et al., 2001 ). This line, designated petc-2, contains a Ds insertion 98 bp upstream of the ATG of PetC (Fig. 1a) . A third petc allele was identified when the insertion flanking database SIGnAL (http://signal.salk.edu/cgi-bin/tdnaexpress) was searched for insertions at the PetC locus. This line (ecotype Col-0) had a copy of the 5.2-kb pROK2 T-DNA inserted 160 bp 5Ј to the ATG of the PetC gene and was designated petc-3 (Fig. 1a) .
In the course of the phenotypic screen carried out by Budziszewski et al. (2001; see above) , the seedlinglethal line 4144 (ecotype Col-0) with an SKI015 T-DNA insertion at the AtpD locus was identified. In this line, designated atpd-1, the T-DNA is located 49 bp upstream of the ATG of AtpD (Fig. 1b) .
PetC and AtpD Are Essential for Photosynthesis
When grown on soil, all three petc mutants germinated, but their seedlings exhibited a yellowish pigmentation of cotyledons and were not capable of autotrophic growth. Crosses between heterozygous petc-1, -2, and -3 plants resulted in F 1 progenies segregating with a 3:1 ratio of wild type (WT) to mutant, demonstrating that the three mutations were allelic. All three petc alleles could be propagated in sterile culture on Murashige and Skoog medium supple- (At4g03280) is disrupted by an insertion of the autonomous En transposon. The sequences of the empty donor sites of DNA from three independent somatic revertant leaves (REV1-3) were obtained by PCR; uppercase letters indicate plant DNA sequences flanking the En; insertion footprints left at each locus after En transposition are indicated by bold lowercase letters; and bold uppercase letters indicate the target site in the WT. In the other two mutant alleles, a copy of the nonautonomous Ds transposon (petc-2) and the ROK2 T-DNA (petc-3) are inserted 5Ј of the start codon of the PetC gene. b, In atpd-1, a copy of the 5.2-kb SKI015 T-DNA is inserted in the promoter region of AtpD (At4g09650). PCR analysis indicated a small deletion of 7 bp adjacent to the right border of the SKI015 insertion. The En, Ds, and T-DNA insertions are not drawn to scale. mented with sucrose. In axenic culture, petc plants had a light-green leaf coloration and exhibited a substantially reduced growth rate compared with WT plants (Fig. 2a) . The pigment deficiency was less severe under low light (12 mol photons s Ϫ1 m Ϫ2 ) than under higher light conditions (70 mol photons s Ϫ1 m Ϫ2 ), indicating enhanced photosensitivity of the mutants (data not shown). The petc-1 mutant displayed somatic reversions to WT due to the excision of the En transposon. In each such WT sector, empty donor sites could be amplified by PCR, and these results therefore confirm the tagging of the gene (Fig.  1a) . Of the three petc alleles available, petc-2 was used for all further analyses. Upon illumination with UVlight, petc-2 showed high-chlorophyll (Chl) fluorescence, indicating a block in photosynthetic electron flow (Fig. 2b) . This phenotype is reminiscent of that of tobacco (Nicotiana tabacum) mutants with disrupted chloroplast petA, petB, or petD genes, all of which lack a functional cyt b 6 /f complex (Monde et al., 2000) .
Like the petc mutants, greenhouse-grown atpd-1 plants displayed a seedling-lethal and pigmentdeficient phenotype. When grown heterotrophically, the atpd-1 mutant grew more slowly than the WT, displaying light-green leaf coloration and an highChl fluorescence phenotype (Fig. 2c) . By complementing atpd-1 mutant plants with the AtpD cDNA under the control of the 35S promoter, WT-like growth and leaf coloration was restored, demonstrating that the atpd-1 phenotype was due to a lack of AtpD function (data not shown).
Expression of PetC and AtpD Transcripts and Proteins in the Mutants
Northern analysis of petc-2 plants using a PetCspecific probe revealed that the expression of the PetC transcript was drastically reduced by the Ds insertion. In atpd-1 plants, a similar effect of the T-DNA insertion on AtpD mRNA accumulation was detected (Fig. 3a) . Western analyses demonstrated the absence of detectable amounts of the Rieske protein in petc-2 thylakoids and of cpATPase-␦ in atpd-1 thylakoids (Fig. 3b) . 
Leaf Pigments and Thylakoid Multiprotein Complexes
WT, atpd-1, and petc-2 plants growing in axenic culture were analyzed for leaf pigment and thylakoid protein content. In both mutants, the total Chl concentration (Chl a ϩ b) was drastically reduced, which is consistent with the light-green coloration of leaves. The Chl a/b ratio was decreased in petc-2 and to a much greater extent in atpd-1 plants (Table I) , indicating substantial changes in photosystem composition and/or stoichiometry. The markedly increased xanthophyll content and the reduced ␤-carotene level (relative to Chl a ϩ b) in both mutants indicate an increased accumulation of antenna proteins in relation to reaction center core proteins ( Table I ). The disproportionate increase in the size of the VAZ pool can be interpreted as a consequence of the higher photosensitivity in both mutant lines. Moreover, the high de-epoxidation state of the VAZ pool detected in atpd-1 plants, but not in the petc-2 mutant, points to a sustained increase in the transmembrane proton gradient in atpd-1, leading to activation of violaxanthin de-epoxidase even under low light intensities (12 mol photons m Ϫ2 s Ϫ1 ). The relative enrichment of antenna proteins in the two mutants was supported by analyses of the protein composition of thylakoid membranes either by two-dimensional PAGE or by western analysis after one-dimensional PAGE. For two-dimensional PAGE, thylakoid samples equivalent to 30 g of Chl were fractionated, and protein spots were assigned to individual subunits of the photosynthetic apparatus according to Pesaresi et al. (2001) and Grasses et al. (2002; Fig. 4a ). For one-dimensional PAGE analysis, protein amounts equivalent to 5 g of Chl were loaded and fractionated for each genotype and after transfer to membranes, were incubated with antibodies specific for individual thylakoid polypeptides (Fig. 4, b and c) . Densitometric analyses of twodimensional protein gels revealed that in petc-2 plants, the abundance of the core proteins of PSII and of PSI was substantially decreased (to 14% and 34% of WT levels per gram of fresh leaf weight, respectively), whereas the level of antenna proteins of both photosystems (LHCII and Lhca4) decreased only to about 35% to 40% of WT, which would be consistent with a preferential loss of PSII core proteins (Table I) . Similarly, in atpd-1 plants, the relative abundance of PSII and PSI core proteins was significantly lower than that of the respective antenna proteins. However, in contrast to the case in petc-2 plants, in atpd-1, the relative level of PSI core proteins was more drastically reduced. Because PSI core proteins bind more Chl a than PSII core proteins, the disproportionate reduction of PSI in atpd-1 explains the extremely low Chl a/b ratio recorded for this mutant (Table I) . As expected, the ␣ ϩ ␤-subunits of the cpATPase did not The relative values for the two mutant genotypes, reported in columns 4 and 7, reflect the ratio of expression between the mutant and WT from the same amount of fresh weight tissue. This correction was performed using the measured levels of total Chl content. nd, Not determined. accumulate to detectable amounts in atpd-1 plants (Fig. 4c) , indicating a destabilization of the CF 1 complex in this mutant (see above), whereas the complex was present at about 60% of WT levels in petc-2 (Fig.  4b) . Moreover, absence of the CF 1 protein ATPase-␦ appears also to destabilize the CF 0 complex, because no accumulation of the CF 0 -a and -b proteins was detected in atpd-1 (Fig. 4c) . Western analysis of thylakoid proteins separated by denaturing one-dimensional PAGE with specific antibodies showed that the relative decrease in the level of the D1 protein in petc-2 exceeded that of the entire PSII core ( Fig. 4b ; Table I ). This strong reduction in D1 levels could be explained by enhanced destabilization of the D1 protein due to increased photoinhibition in mutant plants. Western analysis with Rieske-and cyt b 6 -specific antibodies revealed that in atpd-1 the level of cyt b 6 /f decreased stoichiometrically with PSI and PSII concentrations. In contrast, in petc-2, an almost complete absence of cyt b 6 was evident, whereas residual cyt f and suIV levels of about 50% and 30%, respectively, of WT were detected ( Fig. 4b ; Table I ), suggesting that cyt f and suIV can accumulate in the absence of the Rieske and cyt b 6 proteins. This is in contrast to previous analyses carried out in maize (Zea mays; Miles, 1982) , Oenothera sp. (Stubbe and Herrmann, 1982) , and Lemna sp. (Bruce and Malkin, 1991 ) mutants defective in the . Protein composition of thylakoid membranes. a, Thylakoid membranes corresponding to 30 g of Chl from WT, petc-2, and atpd-1 mutant plants were fractionated first by electrophoresis on a non-denaturing lithium dodecyl sulfate-polyacrylamide (PA) gel and then on a denaturing SDS-PA gel. Positions of WT thylakoid proteins previously identified by western analyses with appropriate antibodies are indicated by numbers to the right of the corresponding spots: 1, ␣-and ␤-subunits of the ATPase complex; 2, D1-D2 dimers; 3, CP47; 4, CP43; 5, oxygen-evolving complex (OEC); 6, LHCII monomer; 7, LHCII trimer; 8, PSI-D; 9, PSI-F; 10, PSI-C; and 11, PSI-H. The alterations observed in the mutants are quantified in Table I . Samples of thylakoid membranes equivalent to 5 g of Chl from WT, and petc-2 (b) and atpd-1 (c) plants were fractionated by denaturing PAGE. Decreasing amounts of WT thylakoid membranes (3.75, 2.5, and 1.25 g of Chl) were loaded in the lanes marked 0.75ϫ, 0.5ϫ, and 0.25ϫ WT. Replicate filters were probed with antibodies raised against the D1 protein of the PSII reaction center, the F subunit of PSI, the Lhca4 protein, the cyt b 6 /f subunits cyt b 6 , cyt f and suIV, and the ␣-, ␤-, a-, and b-subunits of the cpATPase.
Mutant Analysis of Arabidopsis Rieske and Chloroplast ATP Synthase-␦ Proteins
Plant Physiol. Vol. 133, 2003 assembly of cyt b 6 /f, which led to the conclusion that the Rieske protein is essential for the assembly of the cyt b 6 /f complex (Bruce and Malkin, 1991) . Insteadsimilar to the situation in C. reinhardtii (Lemaire et al., 1986; de Vitry et al., 1999 )-in Arabidopsis thylakoids, some cyt b 6 /f proteins accumulate in the absence of the Rieske protein.
Functional Photosystems Exist in Both Mutants But
Only atpd-1 Shows Linear Electron Transport Activity PSII fluorescence parameters, thylakoid membrane potential decay, and the oxidation state of P700 under continuous illumination were determined (Table  II ; Fig. 5 ). The maximum quantum yield of PSII (F v / F m ) was substantially reduced in both mutants, indicating the presence of inactive PSII centers. Moreover, in petc-2 and atpd-1, the strong reduction in the effective quantum yield of PSII, ⌽ II (Table II) , and the pronounced decrease of ⌽ II with increasing light intensities (Fig. 5a ) implies a severe perturbation of electron flow, which is consistent with the high photosensitivity of the mutants. The dramatically increased fraction of reduced Q A (1-qP) in petc-2 (Table  II) , on the other hand, can be explained by the blockade of electron transport through cyt b 6 /f. The extent of non-photochemical fluorescence quenching (NPQ) at a photon flux density (PFD) of 12 mol photons m Ϫ2 s Ϫ1 revealed the absence of NPQ in petc-2, but significantly increased thermal energy dissipation in atpd-1 (Table II) . The strong increase in NPQ in atpd-1 plants at this low light intensity strongly suggested an increase in acidification of the thylakoid lumen, because the major portion of NPQ is related to the ⌬pH-dependent component (qE). An increase in lumen acidification is consistent with the high deepoxidation state in atpd-1 (see above and Table I ) and can be related to the loss of cpATPase function in this genotype. To clarify this aspect, the thylakoid membrane potential decay was analyzed in WT and atpd-1 leaves (Fig. 5b) . As described previously by Maximum transthylakoid proton gradient was reached by exposing 4-week-old leaves of WT and atpd-1 plants to a saturating light pulse for 15 and 25 ms, respectively. The dark-induced thylakoid membrane potential decay was then monitored by recording the absorption at 520 nm. For the absorption measurements, short light pulses at 520 nm were used to prevent actinic effects. The results of one out of five measurements are shown. c, Steady-state levels of oxidized reaction center Chl in PSI (P700 ϩ ) in WT and mutant plants (n ϭ 3 each). The steady-state level of P700 ϩ was measured from the change in P700 absorption at 820 nm (⌬A/⌬A MAX ) after 5 min of illumination with actinic light. Mean values are shown, and bars indicate SDs. Junge et al. (1970) , WT leaves showed a biphasic thylakoid membrane potential decay: a fast phase, completed in approximately 100 ms (see detail in Fig.  5b ), ascribed to cpATPase activity; and a slow phase, completed in approximately 3 s, ascribed to ions leaks through the membrane. In atpd-1 leaves, the fast decaying phase was absent, and only a slow monophasic thylakoid membrane potential decay completed in about 3 s was observed, clearly suggesting a specific inhibition of cpATPase function.
The oxidation state of P700 in intact leaves at various actinic light intensities was determined by measuring the absorbance changes at 820 nm (Fig. 5c ). In comparison with WT, maximum oxidation of P700 was reached at much lower PFDs in atpd-1, indicating that electron transport was saturated at lower light intensities in this mutant. In contrast, in petc-2 plants, P700 was fully oxidized even at the lowest light intensities used, implying that electron transport to PSI is completely blocked in the absence of the Rieske protein.
Similar conclusions can be drawn from the comparison of electron transport rates determined in isolated thylakoids. Using artificial electron acceptors and/or donors, activity of both photosystems was recorded in thylakoids from all types of plants, indicating that functional PSI and PSII complexes still exist in the two mutants (Table III) . Linear electron flow, however, was only detectable in atpd-1, demonstrating again that the absence of the Rieske protein in petc-2 completely suppresses electron transport through cyt b 6 /f.
The results presented are consistent with a block in linear electron flow, over-reduction of the plastoquinone pool, and a decrease in the transthylakoid pH gradient in petc-2. However, in atpd-1, electron flow is impaired but not completely blocked. Due to the suppression of proton flow through the cpATPase, electron flow is saturated at significantly lower light intensities, resulting in an increase in lumen acidification and thermal energy dissipation under low light. The phenotypes of each of the Arabidopsis knock-out mutants are more severe than those of tobacco PetC and AtpD antisense lines (Price et al., 1995) or those of Arabidopsis plants with a point mutation in the Rieske protein (Munekage et al., 2001; Jahns et al., 2002) , but in general, they show similar trends.
Expression of mRNAs for Nucleus-Encoded Chloroplast Proteins in the Mutants
The data discussed above show that the lack of either the Rieske protein (petc-2) or the ␦-subunit of the cpATPase (atpd-1) completely suppresses photosynthesis, leading to seedling lethality. However, the two mutations have quite different effects on electron flow and the composition of thylakoids. To test for further differences in photosynthetic and other chloroplast functions, the expression levels of nuclear genes that contribute to chloroplast function were determined at the mRNA level in both mutants by DNA array analysis. This was carried out on a set of 3,292 nuclear genes, 81% of which code for chloroplast-targeted proteins, and their expression patterns in petc-2 and atpd-1 mutants were compared with those in WT, as done by Kurth et al. (2002) and Richly et al. (2003) . The psae1-1, psad1-1, psan-1, and psao-1 lines (Varotto et al., 2000; Richly et al., 2003; D. Leister, unpublished data) bearing knock-out alleles of the PSI genes PsaE1, PsaD1, PsaN, and PsaO were included as additional controls. In all six mutant ge- Values of average oxygen evolution (PSII activity and linear electron transport) or consumption (PSI activity; ϮSD) in micromoles of O 2 per milligram of Chl per hour were derived from three independent measurements of thylakoids equivalent to 10 g of Chl per milliliter. The relative values for the two mutant genotypes, provided in columns 4 and 6, reflect the ratio of activity between the mutant and WT from the same amount of fresh weight tissue. Because average rates of oxygen evolution/consumption of thylakoids from WT plants of both ecotypes, Col-0 and Ler, were very similar, only Col-0 values are shown. notypes, we identified a set of 344 genes that were expressed at significantly different levels from WT in at least five of the six genotypes. Hierarchical clustering of the 344 gene expression profiles revealed that the expression patterns of the petc-2 and atpd-1 mutants were substantially different: The petc-2 profile was related to that of psae1-1 and psad1-1, whereas the pattern of atpd-1 was more similar to that of psan-1 or psao-1 ( Fig. 6a; supplementary material 1) . Direct comparison of the differential expression profiles of petc-2 and atpd-1 plants revealed that among all genes differentially expressed in the two genotypes, 451 genes showed the same trend (379 upand 72 down-regulated). A further set of 346 genes showed opposite trends in transcriptional regulation in the two lines: 49 genes were up-regulated in petc-2 and down-regulated in atpd-1, whereas 297 genes were down-regulated in petc-2 but up-regulated in atpd-1 (supplementary material 2).
The differentially expressed genes in petc-2 and atpd-1 were grouped into seven major functional categories, including metabolism, photosynthesis, transport, protein phosphorylation, stress response, transcription and translation, and unclassified proteins ( Fig. 6b; supplementary material 3) . In petc-2, a balanced response of the nuclear chloroplast transcriptome was observed, with about equal fractions of genes being up-or down-regulated (632 and 528 genes, respectively). Relatively more genes for photosynthesis tended to be down-regulated, whereas genes for stress response represented the largest upregulated group of genes in this genotype. In contrast, in the atpd-1 mutant, 88% of the differentially regulated genes were up-regulated. Most of the different functional gene classes followed this trend, again with the exception of genes coding for proteins involved in photosynthesis (only 27% of which were up-regulated).
The results show that the petc-2 and atpd-1 mutations result-with the exception of photosynthetic genes, which are predominantly down-regulated in both genotypes-in very different transcriptional responses of the nuclear chloroplast transcriptome. One possible explanation is that different types of plastid signaling pathways (Surpin et al., 2002; Pfannschmidt, 2003) are triggered by the physiological effects of the two mutations. Because the reduction state of Q A , the primary electron acceptor of PSII, is in fact substantially increased in petc-2 and psad-1 (this study) and in psae1-1 (Varotto et al., 2000) but not in atpd-1 and psao-1 (this study) or in PSI-N mutants (Haldrup et al., 1999) , the different redox state of thylakoids in the two mutants could be responsible for the different transcriptional responses. A second possibility is that the different levels of lumenal acidification in the two mutants are sensed and signaled to the nucleus, resulting in different responses.
DISCUSSION
The Rieske Protein
Our results indicate that in Arabidopsis, diminished amounts of cyt f and suIV can accumulate in the absence of the Rieske protein. This is somewhat in contrast to the conclusion of previous analyses (Miles, 1982; Stubbe and Herrmann, 1982; Bruce and Malkin, 1991) that in flowering plants the Rieske protein is necessary for normal accumulation of cyt b 6 /f. Bruce and Malkin (1991) proposed an "all-ornone" mechanism in which all major cyt b 6 /f proteins must be present for the stable assembly of the complex. However, in the petc-2 mutant of Arabidopsis, accumulation of the Rieske protein and of cyt b 6 are concomitantly impaired; this is a much stronger phenotype than the one observed in C. reinhardtii petc mutants, in which all of the cyt b 6 , cyt f, and suIV proteins accumulate to about 60% of WT levels (de Vitry et al., 1999) .
The lack of functional cyt b 6 /f led to a markedly altered thylakoid protein composition. Only little functional PSII was detectable, indicating either that (a) in WT thylakoids PSII and cyt b 6 /f physically interact or, more likely, that (b) the over-reduced plastoquinone pool leads to an increase in damage and degradation of PSII proteins, or that (c) transcription and/or translation of PSII subunits is secondarily down-regulated as a consequence of the drastically altered redox state (see Table II ) in mutant thylakoids. In petc-2, the cpATPase accumulated to about 60% of WT levels. This could indicate that a transthylakoid pH gradient is maintained by the ATPase activity of the cpATPase (under ATP consumption) to facilitate ⌬pH-dependent energy quenching, as well as the import of thylakoid proteins by the ⌬pH-dependent twin-Arg translocation (Tat) pathway (Robinson et al., 2001 ).
The cpATPase-␦ Protein
The ␦-subunit of the cpATPase is thought to be located at the top region of the ␣ 3 ␤ 3 hexagon of the CF 1 component, connected with the extramembranous domains of the subunits b and bЈ (Lill et al., 1996) with which it should form a stator in the rotatory machinery of F 0 F 1 (Bö ttcher et al., 1998; Engelbrecht et al., 1998) . Mutational analyses of the homologs of cpATPase-␦ in Escherichia coli Senior, 1994a, 1994b; Stack and Cain, 1994) or yeast (Prescott et al., 1994; Straffon et al., 1998) indicate that the protein is essential for the function of the ATPase complex.
Our results indicate that in atpd-1 plants, the photosystems, cyt b 6 /f, and thus linear electron flow are still functional, whereas both the CF 0 and CF 1 component of the cpATPase are missing. Because the transthylakoid protein gradient cannot be used to drive ATP synthesis, increased acidification of the lumen should lead to an increased non-photochemical quenching of excitation energy at low light intensities.
Thylakoid Composition and Plastid Signaling
Both the Rieske protein and the ␦-subunit of the cpATPase are essential for photosynthesis. Absence of either of the two proteins causes loss of photoautotrophy and increased photosensitivity and affects accumulation of other thylakoid proteins. A closer inspection of our results allows recognition that leaf pigment and thylakoid composition are markedly different in the two genotypes. In petc-2, the plastoquinone pool is substantially over-reduced, whereas the almost complete suppression of NPQ indicates a decrease in thylakoid lumen acidification. On the contrary, atpd-1 plants exhibit markedly increased NPQ, which is consistent with a slower dissipation of the transthylakoid proton gradient.
The majority of chloroplast proteins are encoded in the nucleus (Abdallah et al., 2000) , making a communication between the two organelles necessary. Intermediates of the tetrapyrrole biosynthetic pathway (Strand et al., 2003) , as well as the redox state of the photosynthetic apparatus (Pfannschmidt, 2003) , have been associated with the generation of the so-called plastid signal which results in the modulation of the transcription of nuclear-encoded chloroplast proteins. Furthermore, because the transthylakoid proton gradient serves both to drive the endergonic synthesis of ATP from ADP and orthophosphate (Kramer et al., 2003) and to initiate non-photochemical quenching of excitation energy (Muller et al., 2001) , it can be expected that changes in the pH gradient will, at least indirectly, produce a signal that modulates nuclear transcription of chloroplast protein genes. In this study, the expression profiling of more than 3,000 nuclear genes, most of them coding for chloroplast functions, showed that apart from the down-regulation of the majority of photosynthetic genes in both genotypes, different transcriptional responses were induced by the two mutations. Because photosynthesis was abolished in both genotypes, many secondary effects due to loss of photoautotrophy should be similar in the mutants. This allows the conclusion that many, if not most, differences in the expression profile of petc-2 and atpd-1 should be due to the different signaling function of changes in transthylakoid proton gradient and/or the redox state of the photosynthetic machinery.
Outlook
It is obvious that the concomitant lack of additional subunits of the cyt b 6 /f and cpATPase complexes caused by the loss of the Rieske or ATPase-␦ proteins, respectively, complicates the functional analysis of the specific role(s) of the PetC and AtpD gene products. As a starting point for future functional studies in planta, the petc-2 and atpd-1 knock-out mutants generated and characterized in this study should be complemented with mutagenized versions of these proteins that retain the ability to stabilize their multiprotein complexes, while being impaired by mutations at specific sites affecting their specific functions.
MATERIALS AND METHODS
Plant Propagation
Arabidopsis WT (ecotypes Col-0 and Ler) and mutant plants were grown on Murashige and Skoog medium containing 2% sucrose in a culture chamber on a 16-h-day period (PFD ϭ 12 mol photons m Ϫ2 s Ϫ1 ) at 22°C.
Analysis of Nucleic Acids
Arabidopsis DNA was isolated as described by Liu et al. (1995) . Total plant RNA was extracted from fresh tissue using the RNeasy Plant System (Qiagen, Hilden, Germany). Northern analyses were performed under stringent conditions according to Sambrook et al. (1989) .
32 P-labeled probes were derived from the entire coding region of the AtpD gene and from the second to fifth exons of the PetC cDNA.
Complementation of the atpd-1 Mutant
The AtpD cDNA was ligated into the plant expression vector pPCV702 (Koncz et al., 1990) and introduced into Arabidopsis plants by Agrobacterium tumefaciens-mediated transformation as described before (Pesaresi et al., 2001) . Successful complementation was confirmed by measuring levels of Chl fluorescence and leaf pigmentation.
Two-Dimensional PAGE and Western Analysis of Proteins
Leaves from 4-week-old plants were harvested in the middle of the light period, and thylakoids were prepared from mesophyll chloroplasts as described by Bassi et al. (1985) . For two-dimensional gel analysis, thylakoid membrane samples corresponding to 30 g of Chl were first fractionated on non-denaturing lithium dodecyl sulfate-PA gradient gels and in the second dimension in a denaturing SDS-PA gradient (10%-16%) gel as described by Pesaresi et al. (2001) and Grasses et al. (2002) . Proteins were visualized by Coomassie staining, and densitometric analyses of the protein gels were performed by using the Lumi Analyst 3.0 (Roche Diagnostics, Basel).
For one-dimensional PAGE analysis, amounts of protein equivalent to 5 g of Chl were loaded for each genotype. Decreasing amounts of WT proteins (3.75, 2.5, and 1.25 g of Chl) were loaded in parallel lanes (0.75ϫ, 0.5ϫ, and 0.25ϫ WT). For immunoblot analyses, proteins were transferred to Immobilon-P membranes (Millipore, Eschborn, Germany) and incubated with antibodies specific for individual thylakoid polypeptides. Antibodies specific for the following photosynthetic proteins were used: Rieske, cyt b 6 , and cpATPase-a and -b (obtained from Lutz Eichacker and Jö rg Meurer, Ludwig-Maximilians-Universität, Munich); cpATPase-␣ and -␤ (obtained from Alice Barkan, Institute of Molecular Biology, University of Oregon, Eugene, OR); cyt f (obtained from Giovanni Finazzi, Institut de Biologie Physico-Chimique); suIV (obtained by Jö rg Meurer, Ludwig-MaximiliansUniversität Munich and David Stern, Boyce Thompson Institute, Cornell University, Ithaca, NY); cpATPase-␦ (obtained from Richard Berzborn, University of Bochum, Germany); PSII-D1 and Lhca4 (obtained from Agrisera, Vännäs, Sweden); and PSI-F (obtained from Poul-Erik Jensen and Henrik Vibe Scheller, The Royal Veterinary and Agricultural University, Copenhagen). Signals were detected using the Enhanced Chemiluminescence Western Blotting kit (Amersham Biosciences, Sunnyvale, CA) and quantified using the Lumi Analyst 3.0 (Roche Diagnostics).
Pigment Analysis
Pigments were analyzed by reversed-phase HPLC (Färber et al., 1997) . For pigment extraction, leaf discs were frozen in liquid nitrogen and dis-rupted in a mortar in the presence of acetone. After a short centrifugation, pigment extracts were filtered through a membrane filter (pore size 0.2 m) and used directly for HPLC analysis or stored for a maximum of 2 d at 20°C.
Measurements of Chl Fluorescence and the Redox State of P700
In vivo Chl fluorescence of single leaves was excited and detected with a pulse amplitude modulated fluorometer (PAM 101/103, Walz, Effeltrich, Germany). Pulses (800 ms) of white light (6,000 mol photons m Ϫ2 s Ϫ1 ) were used to determine the maximum fluorescence (F m ) and the ratio (F m Ϫ F 0 )/F m ϭ F v /F m . Actinic light with an intensity of 12 mol photons m Ϫ2 s
Ϫ1
was used to drive photosynthesis. In addition, photochemical quenching
The thylakoid membrane potential decay was measured with an apparatus identical to the one described by Joliot and Joliot (1984) . Dark-adapted leaves were exposed to 15-ms (WT) or 25-ms (atpd-1) pulses of saturating light to induce a maximum transthylakoid proton gradient. The wavelength was 690 nm, and the intensity corresponded to the transfer of about 4,000 excitations photocenter Ϫ1 s Ϫ1 . Under these conditions, a large number of photochemical turnovers were induced and a similar thylakoid membrane potential was reached in the WT and atpd-1 leaves. The potential reached at the end of the saturating light pulses has been normalized to 10,000. After the light pulse, leaves were kept in the dark, and the thylakoid membrane potential decay was monitored by recording the absorption at 520 nm of short light pulses, weak enough to have no actinic effect (for discussion, see Joliot and Joliot, 2002) .
The redox state of P700 under continuous white actinic light was calculated from measurements of changes in P700 absorption at 820 nm with the PAM 101 fluorometer connected to a dual-wavelength emitter-detector unit ED-P700/DW (Walz, Effeltrich, Germany) according to Barth et al. (2001) .
Rates of Photosynthetic Electron Transport
Electron transport rates under illumination with saturating actinic light (150 mol photons m Ϫ2 s Ϫ1 ) were derived from measurements of photosynthetic oxygen evolution using a Clark-type oxygen electrode (Hansatech Instruments Ltd., Laborbedarf Helmut Sauer, Reutlingen, Germany) at 20°C. Thylakoid concentrations equivalent to 10 g Chl mL Ϫ1 were used for all measurements. Linear electron transport (H 2 O 3 K 3 [Fe(CN) 6 ]) was measured in a medium containing 330 mm sorbitol, 40 mm HEPES/NaOH (pH 7.6), 10 mm NaCl, 5 mm MgCl 2 , 2 m gramicidin D, and 5 mm NH 4 Cl, using 0.5 mm K 3 [Fe(CN) 6 ] as terminal electron acceptor. PSII activity (H 2 O 3 1,4-benzoquinone) was measured in the same medium using 1 mm 1-4 benzoquinone instead of K 3 [Fe(CN) 6 ] as terminal electron acceptor. PSI activity was measured in 40 mm Tricine/NaOH (pH 8.0), 60 mm KCl, 5 mm MgCl 2 , 1 mm NaN 3 , 1 mm sodium-ascorbate, 100 units of superoxide dismutase, and 1 m 3-(3-4-di-chlorophenyl)-1,1-dimethylurea, using 0.5 mm 2,3,5,6-tetramethyl-p-phenylene-diamine as electron donor and 25 m methyl viologen as electron acceptor.
Expression Profiling
The 3,292-gene sequence tag nylon array, including 2,661 nuclear chloroplast genes and 631 genes coding for non-chloroplast proteins, each spotted in duplicate, has been described previously (Richly et al., 2003) . Total RNA was isolated from 5 g of leaf material obtained from plants at 8-leaf rosette stage (approximately 4-week-old plants). Two independent experiments with different filters, thus considering four (2 ϫ 2) spots for each GST, and independent cDNA probes derived from plant material corresponding to pools of at least 50 individuals of WT or mutant plants were performed, thus minimizing variation between individual plants, filters, or probes. cDNA probes were synthesized by using as primer a mixture of oligonucleotides matching the 3,292 genes in antisense orientation and hybridized to the GST array as described (Kurth et al., 2002; Richly et al., 2003) . Images were read using the Storm PhosphorImager (Molecular Dynamics, Sunnyvale, CA). Hybridization images were imported into the ArrayVision program (v6; Imaging Research, Ontario, Canada), where artifacts were removed, background correction was performed, and resulting values were normalized with reference to intensity of all spots on the array (Kurth et al., 2002) . In the next step, those data were imported into the ArrayStat program (v1.0 Rev. 2.0; Imaging Research) and a z-test (nominal ␣ set to 0.05) was performed to identify statistically significant differential expression values. Only differential expression values fulfilling the criteria of the z-test are listed in supplementary material 3. Clustering of expression ratios was performed using Genesis Software (v1.1.3; Sturn et al., 2002) .
